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ABSTRACT The p21WAF1 (p21) cyclin-dependent kinase
inhibitor plays a major role in regulating cell cycle arrest. It
was recently reported that the p53-independent elevation of
p21 protein levels is essential in mediating the G1 arrest
resulting from signal transduction events initiated by the
crosslinking of membrane IgM on Daudi Burkitt lymphoma
cells. Although the role of p21 in cell cycle regulation is well
documented, there is little information concerning its role in
antibody-mediated apoptosis. In the present study, we exam-
ined the involvement of p21 in the regulation of apoptosis by
suppressing its induction in anti-IgM-treated Daudi cells
through a p21 antisense expression construct approach. Re-
duction in induced p21 protein levels resulted in diminished
G1 arrest and increased apoptosis. The increased susceptibil-
ity to anti-IgM-mediated apoptosis was associated with in-
creased caspase-3-like activity and poly-(ADP)ribose poly-
merase cleavage. These data suggest that p21 may directly
interfere with the caspase cascade, thus playing a dual role in
regulating both cell cycle progression and apoptosis.

There is accumulating evidence that, if tumor-reactive Abs are
selected for their direct antiproliferative activity, they make
highly effective antitumor agents. Thus, in an experimental
model of murine B lymphoma, the induction of a dormant state
by antiidiotype Abs indicates a predominant role for ‘‘negative
signaling’’ of tumor cells (1–3). Indeed, in vitro studies (4–8)
indicate that antiidiotype or anti-IgM Abs can induce cell cycle
arrest andyor apoptosis in both murine and human lymphoma
cell lines. At the clinical level, promising results have been
obtained in non-Hodgkin’s lymphoma by using antiidiotype (9,
10) or anti-CD20 mAbs (11–14). After relapse, the latter
appears as effective as chemotherapy for the treatment of
patients with low-grade non-Hodgkin’s lymphoma (15). In
addition to the contribution of effector mechanisms to the
observed clinical activity, anti-CD20 mAbs have direct anti-
proliferative activity, including induction of growth arrest and
apoptosis in B lymphoma cell lines (16–19). Also, an anti-Her2
mAb (Herceptin), which recently has been approved for
treatment of advanced breast cancer, has the capacity to
negatively signal the Her2-overexpressing tumor cells (20, 21).

The common mechanism(s) by which stressful stimuli, in-
cluding signaling Abs, chemotherapeutic agents, irradiation,
etc., exert their inhibitory effect is by blocking cell progression
at key cell cycle checkpoints andyor activation of apoptotic
pathway(s). These checkpoints are mainly controlled by neg-
ative regulation of cyclinycyclin-dependent kinase (CDK)
activity through the CDK inhibitory proteins. p21WAF1 (p21) is
one of the several key CDK inhibitors that act ubiquitously on

CDKs and is responsible for the induction of cell cycle
arrest (22).

Previous work from our laboratory aimed at understanding
the major components of the signaling cascade initiated by
hypercrosslinking of membrane IgM (mIgM) on Burkitts B
lymphoma (Daudi) cells has shown that induction of p21
protein and subsequent inhibition of the retinoblastoma kinase
activity associated with CDK2 are the central events respon-
sible for the late G1 arrest. Changes induced by anti-IgM also
include loss of the hyperphosphorylated form of retinoblas-
toma and down-regulation of cyclin A (23). The lack of
functional p53 in Daudi cells indicates that the G1 arrest is
p53-independent. Recent reports of others have shown that the
G0yG1 growth arrest of Daudi cells treated with IFNa is also
caused by the induction of p21 expression, the resultant
inhibition of CDK2 kinase activity, and the inhibition of
retinoblastoma phosphorylation (24–26).

It has been suggested that cell cycle arrest mediated by
expression of p21 is an early event in the sequence by which
activation of p53 leads to apoptosis (27). In contrast, recent
evidence obtained with antisense strategies suggests that p21
protects cells against apoptosis (28, 29). Also, the overexpres-
sion of p21 transcripts protects against p53-mediated apoptosis
in human melanoma cells (30). Thus, there is uncertainty
regarding the role(s) of p21 in programmed cell death.

The purpose of the present study was to define the role of
p21 CDK inhibitor in the cell cycle arrest and apoptosis
induced by hypercrosslinking mIgM on Daudi cells. We show
that the reduction of the inducible endogenous p21 protein
levels in anti-IgM-treated Daudi cells through the use of
antisense p21 expression vectors decreases their cell cycle
arrest response and increases their susceptibility to caspase-
mediated apoptosis. Therefore, we conclude that the nature of
the growth inhibitory signal triggered by anti-IgM depends on
the level of inducible p21.§

METHODS

Cell Lines. The human Burkitt’s lymphoma cell line “Daudi”
was maintained in culture by serial passage in RPMI medium
1640 containing 25 mM Hepes, 10% heat-inactivated fetal
bovine serum, and 100 mM L-glutamine (complete medium).
The cells were grown in a humidified atmosphere of 5% CO2
and air. Daudi cells transfected with pCEP4 or pCEP-
WAF1-AS plasmid constructs were cultured as above except
that the culture medium also contained 100 mgyml hygromycin
B (Boehringer Mannheim).
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Antibodies. Purified goat IgG specific for human IgM was
purchased from Chemicon. Purified mAb against human p21
was purchased from PharMingen. Rabbit polyclonal serum
against poly-(ADP ribose) polymerase (PARP) was purchased
from Boehringer Mannheim. mAbs against human m domain
(HB57) and Her2 (Her81) were prepared and purified in our
laboratory.

Analysis by Flow Cytometry of the Cell Cycle Status and
Apoptosis. Cells were examined simultaneously for viability
and cell cycle status by flow cytometry using a FACStar Plus
(Becton Dickinson). Daudi cells (5 3 105) were plated in
flat-bottom 12-well plates and were treated with Abs (5), and,
after 24 hours, cells were harvested and washed twice with PBS
containing 1% fetal bovine serum. The pellet was incubated
for 30 minutes on ice with 50 ml of 400 mM 7-aminoactinomycin
D (7-AAD) (Molecular Probes), a vital dye that stains the
DNA of permeable cells. Cells then were fixed with 1.0 ml of
0.5% paraformaldehyde in PBS and simultaneously were
permeabilized and stained for 16 hours at 4°C with 220 ml of
10 mgyml Hoechst 33342 dye (also a DNA-binding dye)
containing 5% Tween 20 (31). The data from 104 cells were
collected and stored by using LYSYS II software (Becton
Dickinson) and were analyzed by using PAINT-A-GATE software
(Becton Dickinson). The viability and percentage of cells in
each stage of the cell cycle were determined on gated single
cells (cell doublets were excluded by pulse analysis of width vs.
area of the Hoechst signal).

DNA Synthesis. Triplicate cultures of 5 3 104 cellsywell were
plated in 96-well f lat-bottom plates, Abs were added, and
plates were incubated for 24 hours. During the last 8 hours of
culture, cells were pulsed with 1 mCi of 3H-thymidine (Am-
ersham Pharmacia) and were harvested.

Western Blotting. Cells (5 3 106–107) were lysed in ice-cold
Nonidet P-40 lysis buffer (0.1% NP40y50 mM Tris, pH 7.5y120
mM NaCly1 mM EDTAy0.1 mM sodium orthovanadatey50
mM sodium fluoridey1 mM PMSFy10 mg/ml each of aprotinin
and leupeptin). Lysates were sonicated and clarified by cen-
trifugation. Total protein content was quantitated with a
microbicinchoninic acid kit (Pierce). Equal amounts of protein
were resolved by SDSyPAGE and then were transferred to a
poly(vinylidene difluoride) membrane (NEN). The mem-
branes were blocked in Tris-buffered saline containing 5%
milk and 0.1% Tween 20 and were incubated overnight at 4°C
with specific Abs. The levels of protein were analyzed by using
the enhanced chemiluminescence (ECL) system (Amersham
Pharmacia).

DNA Transfection. The pCEP-WAF1-AS antisense p21
expression plasmid construct was kindly provided by Bert
Vogelstein (Johns Hopkins Oncology Center, Baltimore). The
antisense p21 expression vector consists of the full length
cDNA of the entire coding region of the human WAF-1 gene
cloned in the antisense orientation into the NotI cassette under
the control of the CMV promoter of the pCEP4 mammalian
expression vector (Invitrogen). This expression vector carries
a hygromycin B resistance gene. Daudi cells transfected with
empty vector pCEP4 were used as ‘‘controls.’’ For transfection,
cells were suspended in ice-cold PBS at 107 cellsy0.8 ml; then,
20 mg of linearized DNA from antisense or empty vector was
added, and cells were kept on ice for 10 minutes, were
electroporated at 960 mF, 250 V with a Gene pulser (Bio-Rad),
and were maintained on ice for another 10 minutes. After 48
hours of incubation in culture medium, the cells were selected
for 2 weeks in culture medium containing 100 mgyml hygro-
mycin B (selection medium). The antisense clones were ob-
tained from the stable transfectant pool by limiting dilution.
Hygromycin B-resistant clones were isolated and tested by
PCR for the presence of the hygromycin B resistance gene in
the genomic DNA by using a set of primers: 59-AGAAGAT-
GTTGGCGACCTCG-39 and 59-TACACTACATGGCGT-
GATTTC-39.

Caspase Activity. Caspase-3 activity was analyzed by using
an ApoAlert CPP32 kit (CLONTECH). Whole cell extracts
prepared from 5 3 106 cells were incubated for 1 hour at 37°C
with an Asp-Glu-Val-Asp-p-nitroanilide (DEVD-pNA) sub-
strate. Caspase activity was determined spectrophotometri-
cally at 405 nm by measurement of the free pNA produced on
cleavage of the substrate. Quantitation of pNA was deter-
mined by comparison to a pNA standard curve.

RESULTS

Transfection of Daudi Cells with p21 Antisense Plasmid
Constructs Decreases the Level of Inducible p21. To suppress
the level of inducible p21, Daudi cells were stably transfected
with the pCEP-WAF1-AS antisense p21 construct. As a neg-
ative control, the pCEP4 vector without the cDNA insert was
used. Selection with hygromycin B yielded a stable transfectant
pool that, after limiting dilution, yielded several clonal anti-
sense lines.

The effect of the antisense construct on inducible p21
protein level was investigated by Western blot analysis of the
lysates from transfected cells grown for 24 hours in the
presence or absence of 20 mgyml anti-IgM. The seven antisense
clones tested had inducible p21 protein levels that were 1.5- to
4-fold lower than those in parental untransfected [wild-type
(WT)] cells. The one with the lowest inducible p21 protein
level was selected for subsequent studies. Treatment of WT
cells with anti-IgM or of cells transfected with the empty
pCEP4 vector (control) led to the induction of the same
protein levels of p21 (Fig. 1). In contrast, Daudi cells trans-
fected with the antisense p21-expression vector (AS) showed
'4-fold less inducible p21.

Daudi Antisense-p21WAF1 Transfectants Are More Suscep-
tible to Inhibition by anti-IgM Than Control Cells. The
functional consequence of lower levels of inducible p21 in AS
cells was investigated by analyzing the in vitro growth inhibition
after incubation with anti-IgM. The level of thymidine incor-
poration by cells incubated for 24 hours with various concen-
trations of anti-IgM indicated that the inhibition of prolifer-
ation of the AS clone (IC50 5 4 mgyml) was achieved at

FIG. 1. The level of p21 protein in antisense p21-transfected Daudi
cells after treatment with anti-IgM. Equal amounts (50 mg of total
protein) of cell lysates from WT, control, and AS cells treated or
untreated for 24 hours with 20 mgyml anti-IgM were electrophoresed
on a 12% SDSyPAGE gel and were transferred to poly(vinylidene
difluoride) membranes. The p21 protein in each sample was detected
with 1 mgyml anti-p21 mAb followed by enhanced chemiluminescence
detection. Values represent the relative induction of p21 as normalized
to p21 protein levels in untreated WT cells as detected by densito-
metric scanning of the bands. A representative experiment of three is
shown.
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concentrations '5-fold lower as compared with that of the WT
(IC50 5 25 mgyml) or control (IC50 5 20 mgyml) (Fig. 2).

The nature of this inhibitory effect generated by anti-IgM on
AS cells was determined by measuring both changes in DNA
content and viability by using flow cytometry (Fig. 3). Incu-
bation for 24 hours with the same range of anti-IgM concen-
trations as those used for DNA replication assays led to the
induction of a G1 arrest, with a concurrent decline of cells in
S phase. Cell death was '25% in both WT cells and control
transfectants. In contrast, the inhibitory effect induced in AS
cells was caused mainly by a marked increase in cell death with
a concurrent decrease in G1 arrest (Fig. 3). Therefore, we
conclude that the nature of the growth inhibitory signal
triggered by anti-IgM depends on the level of inducible p21.

Analysis of mIgM Expression in Antisense p21 Transfec-
tants. The possibility was considered that the increased sus-
ceptibility of AS cells could be caused by an up-regulation of
mIgM expression. Flow cytometric analysis of cells stained
with an anti-human IgM mAb conjugated to FITC indicated
that all of the above cell lines expressed an equal intensity of
mIgM (Fig. 4).

Apoptotic Response Correlates with Caspase-3 Activation.
To assess the molecular substrate of the increased apoptosis in
antisense transfectants, we examined caspase activity in
treated cells. Current evidence indicates that caspases play a
pivotal role in the initiation and execution of apoptosis in
response to a number of cell death stimuli. To date, at least 10
different members of the caspase family have been identified
in mammalian cells. Because caspase-3 has been reported to
play a critical role in the execution machinery of mammalian
apoptosis, we determined whether the apoptotic response in
these cells was related to caspase-3 activation. This was
monitored by measuring the proteolytic activity of the cell
lysates from cells treated for 24 hours with anti-IgM on a
pNA-derived tetrapeptide substrate. The basal levels of
caspase-3 activity were similar in all of these cell lines. As
shown in Fig. 5, the caspase activity after stimulation for 24
hours with anti-IgM did not exceed 1 unit in WT and control
cells and was '5-fold higher in AS cells. We, therefore,
conclude that caspase-mediated apoptosis in anti-IgM treated
cells depends on the level of p21.

Proteolytic Cleavage of PARP Occurs During Anti-IgM-
Induced Apoptosis. One of the immediate effects of caspase-3
activation is the cleavage of PARP. Western blot analysis of
lysates of Daudi cells incubated for 24 hours with anti-IgM
demonstrated cleavage of the 116-kDa PARP protein into its
characteristic 85-kDa fragment. The extent of PARP cleavage
paralleled the increase in caspase activity in antisense trans-
fectants. Thus, in the AS transfectant, the 85-KDa cleavage
product was 3.5-fold higher than in WT and control transfec-
tants (Fig. 5). Taken together, these results suggest that

induction of apoptosis in Daudi cells is linked to the pathway
leading to cleavage of PARP and that p21 blocks or interferes
at a point upstream of PARP cleavage. This suggests that p21
regulates both apoptosis and cell cycle progression in anti-
IgM-treated Daudi cells. This anti-apoptotic role of p21 is
consistent with that described by others with prostaglandin A2
in human breast carcinoma cells through expression of anti-
sense p21 transcripts (28).

DISCUSSION

We have studied a murine B lymphoma model of dormancy in
which anti-idiotype (or anti-IgM) antibody plays a major role
in inducing and maintaining the dormant state (2, 3). Thus
antiidiotype induces cell cycle arrest and apoptosis in these
cells both in vivo and in vitro (4). One of the major questions
is how the signal transduction pathways originating from the
mIgM antigen receptor results in both cell death and cell cycle
arrest. Understanding of this issue could be exploited thera-
peutically to shift the balance from one outcome to another,
depending on the particular goals of the therapy: namely,
killing tumor cells vs. maintaining a dormant state. To this end,
we have been studying the role of CDK inhibitors in inducing
cell cycle arrest after hypercrosslinking mIgM on a human
lymphoma cell line (Daudi). We have found that hyper-
crosslinking of mIgM results in the induction of p21, which
stoichiometrically inhibits the kinase activity of the cyclin
E-CDK2 complex and consequently activates a late-G1 check-
point. However, as mentioned above, anti-IgM treatment also
results in the induction of apoptosis. The possible explanations
to account for the observed anti-IgM-induced cell cycle arrest

FIG. 2. Dose-dependent inhibition of DNA synthesis in Daudi cells
by anti-IgM. AS (-h-), WT (-F-), or control transfected (-‚-) Daudi
cells (5 3 104) were incubated at 37°C for 24 hours with the indicated
concentrations of anti-IgM. DNA synthesis was assessed by measuring
the level of 3H-thymidine incorporation. Values represent the average
of four independent experiments.

FIG. 3. Effect of anti-IgM on cell cycle status and viability in
antisense p21-transfected Daudi cells. Daudi cells (1 3 106yml) were
incubated for 24 hours with the indicated concentrations of anti-IgM,
after which the cells were stained with 7-AAD and Hoechst. The
percentages of apoptotic (dead) (-F-) and viable cells in G1 (-E-),
S-phase (-‚-), and G2-M (-h-) were determined by flow cytometric
analysis of the DNA content and membrane permeability. A repre-
sentative experiment of three is shown.
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and apoptosis include (i) independent outcomes signaled
through independent pathways, (ii) dependent outcomes ini-
tially signaled through a common pathway, in which arrest via
the checkpoint regulator may be a necessary prelude to
induction of apoptosis, or (iii) independent outcomes signaled
through a common pathway, in which arrest initiated via the
checkpoint regulator prevents rather than promotes apoptosis.
The precise contribution of p21 to these different outcomes is
not yet clear. Previous studies of others have demonstrated
that p21 expression in response to exogenous stress factors
results in cell cycle arrest (32, 33) and either stimulates (34) or
inhibits (28, 35, 36) apoptosis, depending on the cell type and
experimental conditions.

The major finding to emerge from the present study is that,
in Daudi cells, p21 has a second function in addition to its role
in the induction of cell cycle arrest: namely, direct interference
with apoptosis. In this study, we analyzed the outcome of
mIgM hypercrosslinking on Daudi cells in which the level of
inducible p21 had been lowered by transfection with antisense
p21 constructs. We found that a 4-fold reduction of the level
of inducible p21 in anti-IgM-treated Daudi cells renders these
cells more susceptible to apoptosis. We have considered two
possibilities for this effect of p21. The simplest explanation is
that prevention of replication is responsible for the above
effect. Although there is no definitive evidence that progres-
sion through the cell cycle is required for apoptosis, the
majority of cells that undergo apoptosis frequently depend on
their cell cycle status (37). For example, Waldman et al. (38,
39) have demonstrated that the lack of a p21 checkpoint in p21
2y2 human colon carcinoma cells increases their sensitivity to
chemotherapeutic drugs or x-irradiation. This could be attrib-
utable to replication of cells with damaged DNA because of
the failure of DNA repair. In a variety of systems in which
exposure to stressful stimuli results in p53-independent cell
death, p21 has been implicated in survival. Suppression of p21
expression through transfection with antisense p21 oligonu-
cleotides or full transcripts was found to promote apoptosis by
either blocking growth factor-induced differentiation of neu-
roblastoma cells (29) or by attenuating the CDK2-mediated
growth arrest induced by prostaglandin A2 in human breast
cells (28). Adenoviral overexpression of p21 in human colo-
rectal carcinoma cells conferred protection against prostaglan-
din A2-mediated cell death (40). The protective role of p21 has
also been recently demonstrated in the case of p53-dependent
cell death. Thus, adenovirus-driven expression of p21 in hu-
man melanoma cells ectopically overexpressing p53 resulted in
protection against p53-induced apoptosis (30). Taken to-
gether, the above results indicate a protective function of p21
in the decision between cell survival and cell death and
suggests that the survival response conferred by p21 might
depend, at least in part, on the direct control of the CDK2
activity required for G1yS transition. The importance of this
issue is highlighted by the increasing evidence that specific
cleavage of p21 by caspases results in the inability of p21 to
bind and inactivate either CDK2 or proliferating cell nuclear
antigen and that this is the central event during DNA-damage
induced apoptosis in endothelial cells (41), myeloblastic leu-
kemia (42), hepatoma cells (43), or lung cancer cells (44) of
human origin.

Another possibility, which is not mutually exclusive, is that
p21 per se inhibits apoptosis. A recent report indicates that
protection from apoptosis by p21 involves not only G1 arrest
but also the interruption of the caspase cascade at a point
upstream from caspase-3 activation (45). In accordance with
these results, we postulate that p21 might act not only as a
substrate for caspases but also as an inhibitor of caspase-3
activation in the same manner as p21’s stoichiometric inhibi-
tion of cyclinyCDK complexes. This is suggested by the present
results and the absence of any proteolytic cleavage of p21 in
our previous studies. According to this scenario, the presence
or absence of p21 after stimulation with anti-IgM will be
reflected in the level of caspase-3 activation and, subsequently,
in the level of PARP cleavage. Indeed, while our experiments
were in progress, Suzuki et al. (46, 47) reported that regulation
of caspase-3 activation by p21 is a key event in the resistance
to Fas-mediated apoptosis in human hepatoma cells and that
it involves the formation of a procaspase-3yp21 complex. This
is accomplished via a caspase-3 binding domain in the N-
terminal region of p21, distinct from those for CDK2 and
proliferating cell nuclear antigen. Taken together with the
aforementioned reports, our data suggest that p21 is a factor
that protects cells from caspase-mediated apoptosis. The pos-
sibility that p21 interacts with procaspase-3 at different time

FIG. 5. Proteolytic cleavage of PARP and caspase activity in Daudi
cells after treatment for 24 h with 20 mgyml anti-IgM. Fifty micrograms
of protein of total cell lysate per lane were separated by 10%
SDSyPAGE. Immunodetection of PARP was carried out by using a
1:2,000 dilution of a Rb anti-PARP serum (Upper). Caspase-3-like
protease activity was detected with ApoAlert CPP32 protease Assay
kit (Lower). A representative experiment of three is shown.

FIG. 4. Expression of mIgM on transfected Daudi cells. Cell
surface expression of IgM was analyzed by flow cytometry of cells that
were stained directly with FITC-conjugated IgG1 anti-human m mAb
(HB57). A total of 5 3 105 cells were stained for each sample with a
preliminary-determined optimal concentration of mAb. The thin line
indicates the background staining with a FITC-conjugated IgG1
anti-HER2 control mAb. A representative experiment of three is
shown.
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points during anti-IgM stimulation of WT can be explored by
immunoprecipitation. In addition, the distribution of p21
between viable and apoptotic cells using WT and AS cells can
be determined. If this ‘‘stoichiometric’’ inhibition of caspase
activation by p21 is a general mechanism for prevention of
receptor signaled apoptosis, we postulate that the kinetics of
p21 induction is a critical event for the final outcome. These
observations have implications for our goal of understanding
how to tip the balance between cell cycle arrest and apoptosis
to optimize a treatment regimen using antitumor Abs and
chemotherapy. Thus, pretreatment of cancer cells with a
specific Ab that induces a G1 growth arrest mediated by p21
up-regulation could result in increased resistance to killing by
chemotherapeutic agents that act downstream of G1. Because
most of the chemotherapeutic agents currently used in anti-
tumor therapy are acting on actively proliferating cells, the
present results suggest that an antibody that induces cell cycle
arrest should be given after chemotherapy because the lack of
stimulation of p21 CDK inhibitor expression may markedly
increase susceptibility to chemotherapy-induced apoptosis.
Indeed, previous data of others (38, 39, 48, 49) indicate that
p21-deficient human colorectal cancer cells are more sensitive
to killing induced by a number of chemotherapeutic agents or
x-irradiation.
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